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We use an aluminium single electron transistor with a magnetic gate to directly quantify the
chemical potential anisotropy of GaMnAs materials. Uniaxial and cubic contributions to the chem-
ical potential anisotropy are determined from field rotation experiments. In performing magnetic
field sweeps we observe additional isotropic magnetic field dependence of the chemical potential
which shows a non-monotonic behavior. The observed effects are explained by calculations based on
the k ·p kinetic exchange model of ferromagnetism in GaMnAs. Our device inverts the conventional
approach for constructing spin transistors: instead of spin-transport controlled by ordinary gates
we spin-gate ordinary charge transport.
Single electron transistors (SETs) [1] represent the ul-
timate in transistor miniaturization and charge sensitiv-
ity. Their transport channel comprises a small island in
tunnel contact with the leads and, due to the Coulomb
blockade effect, transport of electrical current through
the SET takes place one electron at a time. Spin phe-
nomena and functionalities have been incorporated in the
transport channel of SETs, both in the leads and/or in
the island. Observed effects include spin accumulation
on the island and large tunnelling magnetoresistances [2].
The motivation for our present work comes from studies
of the large magnetoresistances due to magneto-Coulomb
oscillations [3–5] or Coulomb blockade anisotropic mag-
netoresistance (AMR) [6–8], associated with chemical po-
tential effects in single electron transistors with ferromag-
netic leads or islands. These studies showed that trans-
port through the channel can be controlled by shifts of
the chemical potentials at individual components of the
SET channel, induced by the Zeeman coupling to the ex-
ternal magnetic field [3–5] or by magnetization rotation
and relativistic spin-orbit coupling [6–8]. Particularly in-
triguing is the latter phenomenon which can yield low-
field hysteretic magnetoresistances of huge magnitudes
and which is a direct relative of the AMR in conventional
ohmic [9, 10] or tunneling [11] devices (see supplementary
information). The chemical potential anisotropy has also
been observed in GaMnAs tunnel devices [12].
In this Letter we measure the magnetisation and field
dependence of a ferromagnetic SET with no ferromag-
netic material in the transport channel, instead placing it
in the electrostatic gate. This spin-gating configuration,
in which the transport channel is detached from the mag-
netic gate, allows the elimination of unwanted side effects
such as chemical potential shifts due to spin accumula-
tion or tunnelling AMR in the SET island. It allows us
to directly measure the chemical potential change of the
gate without the application of scaling factors. Moreover,
the measured chemical potentials depend on the material
rather than the specific properties of a nanodevice.
Our SET has a micron-scale aluminium island sepa-
rated by aluminium oxide tunnel junctions from source
and drain leads (Fig. 1(a)). The aluminium is lightly
doped with manganese to suppress superconductivity in
our low-temperature (300 mK) measurements. The SETs
are fabricated on top of epitaxially grown GaMnAs lay-
ers, which are electrically insulated from the SET by an
alumina dielectric, and act as a spin-back-gate to the
SET. We choose GaMnAs for the gate electrode due to its
well established relativistic magnetic anisotropy charac-
teristics [13, 14].The low total capacitance (CΣ ∼ 0.6 fF)
of the island to its leads and back-gate yields a single-
electron charging energy (Ec = e
2/2CΣ) of ∼ 100 µeV.
By sweeping the externally applied potential to the
SET gate (Vg) we obtain the conductance oscilla-
tions that characterize Coulomb blockade, as shown in
Fig. 1(b). In samples with magnetic gates we see a shift
of these oscillations by an applied saturating magnetic
field which rotates the magnetization in the GaMnAs
gate. In Fig. 1(b) we show measurements for the in-plane
(Φ = 90◦) and for the perpendicular-to-plane (Φ = 0◦)
directions of magnetization. Alternatively, we plot in
Fig. 1(c) the channel conductance as a function of the
magnetization angle Φ for a fixed external potential Vg
applied to the gate. The oscillations in Φ seen in Fig. 1(c)
are of comparable amplitude as the oscillations in Vg in
Fig. 1(b).
Due to the spin-orbit coupling, the band structure of
GaMnAs is perturbed when its magnetisation M is ro-
tated. One consequence is a shift of the chemical po-
tential, which in itself doesn’t yield a response of the
SET. However, the back-gate is attached to a charge
reservoir so any change in the internal chemical poten-
tial of the gate causes an inward, or outward, flow of
charge in the gate, as illustrated in Fig. 1(e). This
change in back-gate charge offsets the Coulomb oscil-
lations (Fig. 1(b)) and changes the conductance of the
2-280 -140 0 140 280
1.0
1.5
2.0
V
g
(mV)
F=90 deg F=0 deg
G
(m
S
)
0 90 180 270 360
1.0
1.5
2.0
V
g
= 0V V
g
=140 mV
G
(m
S
)
F (deg)
(d)
(c)(b)
[1-10]
M
[001]
θ
Φ
[110]
qVg
m 1( )M
Res. BG AlOx
-
-
+
+
Res. BG AlOx
-
-
+
+
-+
m 2( )M -+
(e)
Vsd
Isd
Vg
AlOx
GaAs
(Ga,Mn)As
Al
(a)
SETSET
Figure 1: (a), Schematic showing our SET channel separated by AlOx dielectric from the ferromagnetic GaMnAs back-gate.
The SET comprises Al leads and island, and AlOx tunnel barriers (micrograph in Supplementary information). (b), Coulomb
oscillations for the SET on Ga0.97Mn0.03As for two different polar angles Φ of the magnetisation. (c), Magneto-Coulomb
oscillations shown by the same SET by varying the angle of magnetisation for two different gate voltages. Measurements were
performed using a low frequency lock-in technique with excitation voltage 20 µV and zero dc bias. (d) Magnetisation vector
with respect to GaMnAs crystal axes. (e), Schematic explaining the spin gating phenomenon: reorientation of the magnetisation
from M1 to M2 causes a change in the chemical potential of the GaMnAs back-gate (BG). This causes charge to flow onto the
back-gate from the reservoir (Res.). The net effect is to alter the charge on the back-gate and therefore the SET conductance.
We show a decrease in hole chemical potential µ between M1 and M2. The externally applied electrochemical potential on the
gate µec = qVg is held constant.
transistor channel for a fixed external potential applied
to the gate (Fig. 1(c)). Any magneto-Coulomb effect
from a M-dependent change in the depletion region at
the surface [15] is ruled out: this would lead to the shift
in Coulomb oscillations being dependent on the magni-
tude of the gate voltage.
We now display the full experimental data sets for in-
plane and out-of-plane magnetization rotations in a satu-
rating magnetic field in the case of a ferromagnetic p-type
Ga0.97Mn0.03As gate (Fig. 2(a,b)). We fit a sinusoid to
the Coulomb oscillations and extract the resulting gate-
voltage offset (∆Vg) as a function of the magnetization
angle. A positive value of ∆Vg means that, for a fixed
gate voltage, holes leave the gate, which can be attributed
to an increased hole chemical potential, ∆µ=q∆Vg.
The anisotropy of ∆µ for out-of-plane rotation of M
has a uniaxial symmetry (∆µuΦ =81 µeV) (Fig. 2(c)),
whereas the in-plane rotation anisotropy is predomi-
nantly uniaxial (∆µuθ = 30 µeV) with a small cubic com-
ponent (∆µcθ =6 µeV) (Fig. 2(d)). The ∆µ anisotropy is
greater for the out-of-plane rotation, and causes a shift
in the Coulomb oscillations by a quarter of a period.
We also measured SETs with a Ga0.94Mn0.06As back-
gate (Figs. 2(e,f)). The magnitude of both the out-of-
plane rotation (∆µuΦ = 144 µeV) and the in-plane ro-
tation (∆µuθ = 46 µeV) uniaxial anisotropies increase
in the sample with higher Mn concentration while the
in-plane cubic anisotropy component is negligibly small
in the Ga0.94Mn0.06As sample. The chemical potential
anisotropy constants are consistent between samples fab-
ricated from the same MBE grown wafers. This is be-
cause the spin gating phenomenon measures the proper-
ties of the material surface (over a ∼ µm2 area in our
sample) rather than a specific nanodevice.
We repeated field rotation measurements for different
values of the saturating field, observing only a weak de-
pendence of the ∆µ anisotropy components on the field
magnitude (Fig. 3(a)). This confirms that the origin of
the observed spin-gating is the anisotropy of the chemi-
cal potential in the ferromagnetic gate with respect to
the magnetization orientation. (Recall that the effec-
tive g-factor in the GaAs valence band has a negligible
anisotropy [16]).
The chemical potential anisotropy origin of the ob-
served spin-gating effect is confirmed by microscopic cal-
culations based on the k · p kinetic-exchange model of
GaMnAs [17, 18] (see Figs. 3(b,c) and Supplementary
information). We have calculated chemical potential
anisotropies for the out-of-plane magnetization rotation
assuming local Mn moment concentrations and lattice-
matching growth strains corresponding to the measured
GaMnAs samples. We consider one hole per MnGa lo-
cal moment (MnGa is a single acceptor), as well as cases
with partial hole depletion. The latter calculations were
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Figure 2: (a), SET conductance measurements for azimuthal
angle θ = 0 as a function of the out-of-plane polar angles Φ
of the Ga0.97Mn0.03As magnetisation and of the gate volt-
age. The magnetisation is rotated by a 1 T magnetic field.
The two lines represent the gate voltage offsets for the data
shown in Fig. 1c. (b), Measurements with in-plane rotation
of magnetisation for the same sample. The magnetisation is
rotated by a 0.8 T magnetic field. (c), Ga0.97Mn0.03As hole
chemical potential shift (∆µΦ = µ(Φ) − µ(Φ = 0)) for the
out-of-plane magnetisation rotation, inferred from measure-
ments in (a). (d), Ga0.97Mn0.03As hole chemical potential
shift (∆µθ = µ(θ) − µ(θ = 0)) for the in-plane magnetisa-
tion rotation, inferred from measurements in (b). (e-f), Hole
chemical potential shifts for the Ga0.94Mn0.06As gate elec-
trode. The data (red squares) are fitted (blue lines) to extract
the uniaxial and cubic contributions to the ∆µ anisotropy.
performed since the spin-gating experiments are sensitive
to the partially depleted surface layer which has a width
given by the hole screening length (a few nm).
In agreement with experiment, we find theoretical
chemical potential anisotropies of the order of 10-
100 µeV. The calculated enhancement of the chemical
potential anisotropy with increasing local moment con-
centration and lattice-matching growth strain is also con-
sistent with the enhanced spin-gating effect observed ex-
perimentally in the Ga0.94Mn0.06As sample as compared
to the Ga0.97Mn0.03As sample. We also note that the
increase in the higher Mn-doped sample of the measured
and calculated chemical potential anisotropy for the out-
of-plane rotation is consistent with the doping trends
in the corresponding magnetocrystalline anisotropy co-
efficient of GaMnAs [19]. Similarly, the measured en-
hancement of the in-plane uniaxial component of the
chemical potential anisotropy and the suppression of
the cubic component in the higher Mn-doped sample
is consistent with the corresponding magnetocrystalline
anisotropy trends [19]. The microstructural origin of the
in-plane uniaxial anisotropy component is not established
and to capture this component one can, e.g., introduce
an effective shear strain in the k · p Hamiltonian which
breaks the [110]/[1-10] crystal symmetry.[19, 20] The val-
ues of the shear strain required to reproduce the in-
plane uniaxial magnetocrystalline anisotropy yield a cor-
responding chemical potential anisotropy of the order of
∼ 10−100 µeV, again consistent with our measured data.
Similar to the established phenomenology of the spin-
orbit coupling induced magnetocrystalline anisotropies,
or ohmic and tunneling AMRs, the sign and magnitude
of the chemical potential anisotropy is not strictly deter-
mined by the sign of the strain and by other symmetries
of the crystal, and may vary when changing the local mo-
ment or hole concentration in GaMnAs. We note that
the agreement in the sign of the theoretical and experi-
mental chemical potential anisotropy is obtained assum-
ing partially depleted holes, consistent with the expected
sensitivity in our device to the GaMnAs surface layer.
In ferromagnets, the chemical potential can also shift
when the magnetization angle is fixed while the magni-
tude of the external magnetic field is varied. Performing a
sweep of the magnetic field in the out-of-plane direction,
we observe a nearly flat region followed by a decreasing
chemical potential (Fig. 4(a)). The flat, low-field region
occurs as M rotates from the in-plane easy axes to the
out-of-plane direction. During the rotation of M, the M-
orientation dependent and field-dependent contributions
to ∆µ nearly cancel. If we sweep the field along an in-
plane easy axis, just the field-dependent ∆µ is observed
(Fig. 4(a)), consistent with the absence of M rotation.
At higher fields the decreasing chemical potential sat-
urates and eventually increases (Fig. 4(b)). The decrease
in chemical potential is due to an indirect mechanism in
which the field acts on the hole bands via the kinetic-
exchange coupling (see Supplementary information). We
assume that, apart from the ferromagnetic Mn moments
being saturated by low magnetic fields corresponding to
the magnetic anisotropy fields, a fraction of the Mn lo-
cal moment magnetization is not fully saturated at the
low-fields. Sweeping the field gradually polarizes these
unsaturated moments which in our theoretical modeling
corresponds to an increase of the effective concentration
of the ferromagnetic local moments. The hole chemi-
cal potential decreases because the enhanced strength of
the kinetic-exchange field due to the larger density of
saturated local moments causes an enhancement of the
spin-splitting of the hole bands. The field-dependent ∆µ
saturates at a value of ∼ 200 µeV. From the calculations
we infer that such a shift corresponds to an effective∼ 1%
increase of the density of ferromagnetic local moments.
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Figure 3: (a), Experimental values for cubic and uniaxial
contributions to the ∆µ anisotropy, measured for different
saturation fields, for the Ga0.97Mn0.03As gate material. (b),
Theoretical variations of the chemical potential with respect
to the magnetization angle Φ for fixed Mn moment density
NMn = 4.4 × 10
20cm−3 (corresponding approximately to the
measured sample with 3% nominal doping) and compressive
growth strain ǫ0 = −0.3%. The hole density p = NMn,
p = 0.4NMn and p = 0.2NMn for curves a, b, and c, re-
spectively. (c), Theoretical chemical potential anisotropies
for NMn = 8.8 × 10
20cm−3 (corresponding approximately to
the measured sample with 6% nominal doping) and charge
density p = 0.2NMn. The curve a is for the strain ǫ0 = −0.3%
while curve b is for ǫ0 = −0.5%.
The field-induced additional polarization of a small frac-
tion of the local moment density can be readily expected
for the studied samples but would be unobservable by
standard magnetisation measurements.
The mechanism for the increase in chemical potential
at higher fields is the direct Zeeman coupling of the mag-
netic field to the hole bands (see Supplementary infor-
mation). Similar to the above indirect mechanism, the
sign of the chemical potential shift due to the Zeeman
coupling is given by the sense in which the spin-splitting
of the hole bands changes in the applied field. However,
unlike the indirect mechanism, the Zeeman coupling re-
duces the spin-splitting of the hole bands which yields
an increase of the chemical potential. The chemical po-
tential increases with magnetic field because the mag-
netization of the local Mn moments and of the holes are
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Figure 4: (a), The chemical potential shift determined for
out-of-plane and in plane easy axis sweeps of the magnetic
field for the Ga0.97Mn0.03As gate material. We refer the
chemical potential to its zero field value. (b), The chemi-
cal potential shifts for a high field out of plane sweep for
Ga0.97Mn0.03As and also for a control sample with an Au
gate.
antiparallel, a consequence of the p-d hybridization origin
of the kinetic-exchange interaction [13]. To assess quan-
titatively the chemical potential shift due to the Zeeman
coupling we performed the k · p kinetic-exchange calcu-
lations (including spin-orbit coupling) in the presence of
the magnetic field directly acting on the hole bands. As
expected, the calculated shift of the chemical potential
is larger for larger hole depletion and in the more de-
pleted case we obtain an increase of the chemical poten-
tial of the order of ∼ 10 µeV/T which is consistent with
the experimental high-field trend seen in Fig. 4(b). The
experimental data in Fig. 4(b) are shown for an out-of-
plane field-sweep in Ga0.97Mn0.03As, however, the same
behaviour is observed for the in-plane sweep, consistent
with the negligible anisotropy of the Zeeman effect in the
3D valence band of GaMnAs. A control SET with a Au
gate (Fig. 4(b)) shows no systematic effect due to the
magnetic field, and confirms that there is no significant
magneto-conductance due to the aluminium-manganese
alloy.
The spin-gating technique was employed to accurately
measure the anisotropic, and isotropic, chemical poten-
tial phenomena in GaMnAs. However, this technique
can be applied to catalogue these effects in other mag-
netic materials by the simple step of exchanging the gate
electrode. Finally, we point out that our work comprises
a novel spin transistor where the charge state of the de-
vice channel is sensitive to the spin state of its magnetic
gate (see Supplementary information).
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